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$EVWUDFW
,Q WKH ILHOG RI WLPEHU EULGJHV SURJUHVVLYH VWDWLF VWUXFWXUDO VROXWLRQ LV LI WKH WLPEHU EHDULQJ PHPEHUV RI WKH EULGJH GHFN DUH
FRPELQHG ZLWK FRQFUHWH OD\HU DSSO\LQJ D VKHDU FRQQHFWLRQ WR UHFHLYH WKHLU FRPSRVLWH DFWLRQ 7KH FRPSRVLWH WLPEHUFRQFUHWH






WLPEHU VWUXFWXUDO SDUWV DQG YDULRXV FRPSRVLWH FRQQHFWLRQV XQGHU VKRUW DQG ORQJ WHUP ORDGLQJ ZHUH LQYHVWLJDWHG 7KH
HQYLURQPHQWDO FRQGLWLRQV WHPSHUDWXUH DQG KXPLGLW\ GXULQJ WKH  \HDU ORQJ WHVW ZHUH FRQWLQXDOO\ UHJLVWHUHG &RPSDULVRQ RI
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,Q ODVW GHFDGH WKH PDLQ GLVDGYDQWDJH RI WLPEHU EULGJHV FRPSDULQJ WR EULGJHV IURP RWKHU PDWHULDOV ZDV WKHLU
GXUDELOLW\ 7KLV SUREOHP ZDV SDUWLFXODUO\ HOLPLQDWHG E\ XVH RI WLPEHUFRQFUHWH FRPSRVLWH VWUXFWXUDO HOHPHQWV
(VSHFLDOO\ LQ FDVH RI EULGJH GHFNV EULQJV WKLV VROXWLRQ D ELJ SURJUHVV7KH FRQFUHWH OD\HU SURWHFW WKH WLPEHU SDUW
DJDLQVWWKHQHJDWLYHLQIOXHQFHDVDZDWHURURWKHUPHFKDQLFDOHIIHFWV%RXQGLQJWKHFRQFUHWHWRJHWKHUZLWKWKHWLPEHU
SDUWRIEULGJHGHFNDFRPSRVLWHVWDWLFVROXWLRQLVUHDFKHGZKLFKOHDGVWRVLJQLILFDQW LQFUHDVHRIVWLIIQHVVDQGORDG
FDUU\LQJ FDSDFLW\ RI FRPSRVLWH GHFN $FFRUGLQJ WR VHYHUDO SXEOLFDWLRQV >@ LQ ODVW \HDUV WKH XVH RI WLPEHU IRU
EULGJHVWUXFWXUHVZDVUDSLGO\LQFUHDVHG7KLVZDVFDXVHGQRWRQO\E\DERYHPHQWLRQHGFRPSRVLWHVROXWLRQEXWDOVR
ZLWK PDQ\ EHQHILWV RI WLPEHU DV D VWUXFWXUDO PDWHULDO IRU H[DPSOH UHQHZDEOH VXVWDLQDEOH HDV\ ZRUNDEOH ORZ
HQHUJ\QHHGHWF
,QWKHGHVLJQSURFHVVRIWKHVHFRPSRVLWHVWUXFWXUHVRIWHQWKHLUGHIOHFWLRQLVGHFLVLYH$FFRUGLQJWR>@LWLVDGYLVHG
WR OLPLW WKHYDOXHRIGHIOHFWLRQ WR RI WKH WLPEHUEULGJH VSDQ([FHSWRISHUPDQHQW DQG WUDIILF ORDGV
FKDQJHVRIWHPSHUDWXUHDQGKXPLGLW\RIHQYLURQPHQWPD\FRPSULVHDVLJQLILFDQWSDUWRIGHIOHFWLRQRIWKHEULGJH
7KH DUWLFOH JLYHV D VLPSOLILHG PHWKRG RI FDOFXODWLQJ WKH HIIHFW RI WHPSHUDWXUH DQG KXPLGLW\ FKDQJHV RQ WKH
WLPEHUFRQFUHWHFRPSRVLWHEHDPV7KH WKHRUHWLFDO UHVXOWVDUHFRPSDUHGZLWK WKHUHVXOWVRI ORQJWHUPH[SHULPHQWDO
WHVWV RI WKUHH GLIIHUHQW W\SHV RI EHDPV ZLWK GLIIHUHQW FRPSRVLWH FRQQHFWLRQV 7KH H[SHULPHQW ZDV FRQGXFWHG LQ
LQGRRU HQYLURQPHQWDO FRQGLWLRQV DW WKH HQG RI WKH SDSHU WKH UHDO HIIHFW RI H[WHUQDO HQYLURQPHQW LQ WKH FKRVHQ
ORFDWLRQLVDQDO\]HG
6LPSOLILHGFDOFXODWLRQPRGHO
7KHGLIIHUHQW SK\VLFDO SURSHUWLHV RI WLPEHU DQG FRQFUHWH FRQFHUQLQJ WKH KHDW DQGPRLVWXUHGLIIXVLRQSURFHVVHV
OHDGWRGLYHUVHUHVSRQVHVRIWKHVHPDWHULDOVZLWKWKHHQYLURQPHQWDOWKHUPRK\JURPHWULFYDULDWLRQV$VDUHVXOWRIWKH
GLIIHUHQWFRHIILFLHQWVRIH[SDQVLRQWKHUHLVDGLIIHUHQWVWUDLQRIWKHZRRGDQGWKHFRQFUHWHSDUWZKLFKFDXVHULVHRI
WLPEHUFRQFUHWH FRPSRVLWH EHDPV GHIOHFWLRQ DQG DOVR ULVH RI LQWHUQDO VWUHVVHV 7KH UHODWLYH KXPLGLW\ DQG
WHPSHUDWXUH RI HQYLURQPHQW DUH FRQVWDQWO\ FKDQJLQJ DW WKH WLPH GXULQJ WKH \HDU 7KH PD[LPXP YDOXHV RI
WHPSHUDWXUHDUHUHDFKHGDWVXPPHUWLPHDQGWKHPLQLPXPYDOXHVLQZLQWHUWLPH7KHUHODWLYHKXPLGLW\LVGHSHQGLQJ
RQWKHWHPSHUDWXUHDQGDWPRVSKHULFSUHVVXUHDQGWKHLUPD[LPXPYDOXHVDUHLQZLQWHUWLPHDQGPLQLPXPLQVXPPHU





2.1. Influence of relative humidity changes of environment 
7KHZRRGUHDFKHVHTXLOLEULXPRIPRLVWXUHFRQGLWLRQLILVSODFHGORQJHQRXJKLQDQHQYLURQPHQWZLWKFRQVWDQW
SDUDPHWHUV ,Q WKH FDVH RI FKDQJLQJ HQYLURQPHQWDO FRQGLWLRQV WKH PRLVWXUH FRQWHQW RI ZRRG DGDSW WR WKH
HQYLURQPHQW ZLWK D ODJ 7KH PRLVWXUH SURFHVV LQ WKH ZRRGHQ FURVVVHFWLRQ LQ UHODWLRQ WR WKH HQYLURQPHQWDO
FRQGLWLRQV LV JRYHUQHG E\ WKH ODZ RI GLIIXVLRQ )URP WKH SUDFWLFDO SRLQW RI YLHZ WR VROYH FRPSOH[ GLIIHUHQWLDO
HTXDWLRQVRIGLIIXVLRQSURFHVVLVGHPDQGLQJWDVNWKHUHIRUHWKHVLPSOLILHGFDOFXODWLRQPRGHOLVDSSOLHG,QWKLVPRGHO
WKH PRLVWXUH HTXLOLEULXP LQ ZKROH FURVVVHFWLRQ ZLWKRXW WLPH GHOD\ LV FRQVLGHUHG 7KH HTXLOLEULXP RI PRLVWXUH
FRQWHQWFDQEHGHWHUPLQHGE\PHDQVRIVRUSWLRQLVRWKHUPVDFFRUGLQJWRYDULRXVDXWKRUV>@>@&RQFUHWHPRLVWXUH
H[SDQVLRQFDQEHQHJOHFWHGEHFDXVHHYHQXQGHU H[WUHPHFRQGLWLRQV IRU ORQJF\FOHVRI DEVRUSWLRQDQGGHVRUSWLRQ
RFFXULQFRQFUHWHQHJOLJLEO\VPDOOGHIRUPDWLRQ
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
)LJ6WUHVVGLVWULEXWLRQLQFRPSRVLWHFURVVVHFWLRQDIIHFWHGE\WLPEHUVZHOOLQJ
,QFRPPRQSUDFWLFH WKHGHVLJQHUKDYHQR LQIRUPDWLRQDERXW WKHPRLVWXUH WLPHFRXUVH LQ WKHFURVVVHFWLRQ7KH
HIIHFWRIPRLVWXUHFKDQJHVRI WKHWLPEHU WRWKHGHIOHFWLRQDQGWR WKHVWUHVVGLVWULEXWLRQLQ WKHFURVVVHFWLRQFDQEH
GHWHUPLQHG E\ WKH LQWHUYDO RI SRVVLEOH GHYLDWLRQV GXULQJ WKH OLIH WLPH RI WKH VWUXFWXUH ZKLFK PD\ EH IRU WKH
DVVHVVPHQWRIFRPSRVLWHWLPEHUFRQFUHWHHOHPHQWVVXIILFLHQW







































aAEEu γασ  #   
















aAEEu  #ασ  
2.2. Influence of temperature changes of environment 
7HPSHUDWXUHFKDQJHVRIWKHHQYLURQPHQWDUHUHIOHFWHGZLWKWHPSHUDWXUHFKDQJHVDWHDFKSRLQWRIWKHFURVVVHFWLRQ
DFFRUGLQJWKHKHDWHTXDWLRQV7KHLUVROXWLRQLVQRWVXLWDEOHIRUSUDFWLFDOGHVLJQ)RUVLPSOLFLW\WKHWHPSHUDWXUHRIWKH



















σ u,II σ u,III σ u,c1
σ u,t2
σ u,c2 σ u,t1
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
)LJ6WUHVVGLVWULEXWLRQLQFRPSRVLWHFURVVVHFWLRQDIIHFWHGE\FRROLQJRIHQYLURQPHQW
,QFDVHRIHQYLURQPHQWDOFRROLQJ T2 T1 WKHZKROHEHDP LV IUHHO\VKRUWHQE\ WKHYDOXHRI WLPEHU VKULQNDJH











ααγδ    
ZKHUH Įc,T  LV WKHUPDO H[SDQVLRQ FRHIILFLHQW RI FRQFUHWH Įt,T  WKHUPDO H[SDQVLRQ FRHIILFLHQW RI WLPEHU ¨T 
WHPSHUDWXUHFKDQJHVRIHQYLURQPHQW¨T T2T1
,Q WKH FRPSRVLWH FURVVVHFWLRQ VHH )LJ  WKH VWUHVV FKDQJHV FDXVHG E\ WKH LQHODVWLF VWUDLQ GXH WR WKHUPDO
YDULDWLRQVLVSRVVLEOHWRGHWHUPLQHE\WKHIROORZLQJIRUPXODV
















aAEET γααγσ  #   
















aAEET  #ααγσ   
)RUPXODV  D ZLOO EH IXUWKHUYHULILHGE\ UHVXOWVRI ORQJ WHUPEHQGLQJ WHVWV RI WLPEHUFRQFUHWH FRPSRVLWH
EHDPVZLWKYDULRXVVWLIIQHVVRIFRQQHFWLRQ
/RQJWHUPEHQGLQJWHVWV






















σ T,II σ T,III σ T,c1
σ T,t2
σ T,c2 σ T,t1
ε c,T-ε t,T








$OO VSHFLPHQV SURYH LGHQWLFDO WLPH GHSHQGLQJ EHKDYLRU VHH )LJ E &RPSDULVRQ RI PHDVXUHG GHIOHFWLRQ
GLDJUDPV ZLWK GLDJUDPV RI WKH WKHUPDO DQG KXPLGLW\ FKDQJHV LQ WLPH LQGLFDWHV KLJK VHQVLWLYLW\ RI WKH WLPEHU
FRQFUHWH FRPSRVLWH EHDPV WR WKH HQYLURQPHQWDO FRQGLWLRQV2Q WKH)LJ E VRPH VSHFLILF UHVSRQVHVRI EHDPVRQ







3.2. Grooved composite connection 







































































DBK1-1D DBK1-2D DBK1-3D theory













3.3. Adhesive composite connection 












EHWZHHQ &  DQG & YDOXHV RI UHODWLYH KXPLGLW\ FKDQJHG EHWZHHQ  DQG   7KH FRXUVH RI UHODWLYH
KXPLGLW\ ZDV YHU\ YDULDEOH DQG LW ZDV QRW SRVVLEOH WR HVWDEOLVK D XQLIRUP SHULRG RI GHYLDWLRQ ,W ZDV WKHUHIRUH
FRQVLGHUHGLQWKHFDOFXODWLRQZLWKWKHUHDOFRXUVH

































































DBK3-1D DBK3-2D DBK3-3D theory
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 
)LJD*HRPHWULFDOSDUDPHWHUVRIFURVVVHFWLRQE3DUWLDOUHVXOWVRIORQJWHUPWHVW
7KHGLIIHUHQFHEHWZHHQ WKHPD[LPXPDQGPLQLPXPGHIOHFWLRQRI7&B LQ WKHSHULRGEHWZHHQVWDQGQG
\HDUZDVPPRIVSDQDQGRI7&BWKHGLIIHUHQFHZDVPPRIVSDQ
7KHRUHWLFDO YDOXH RI PLG VSDQ GHIOHFWLRQ YDULDWLRQ RI EHDP 7&B FDXVHG E\ KXPLGLW\ FKDQJHV ǻįu ZDV
FDOFXODWHGDVPPPD[LPDOGHIOHFWLRQYDULDWLRQFDXVHGE\WKHUPDOFKDQJHVǻįTDVPP,QFDVHRIEHDP















LV FOHDU WKDW WKLV FDOFXODWLRQPRGHO JLYHV JRRG HVWLPDWLRQ RI WKH GHIRUPDWLRQV RI WLPEHUFRQFUHWH HOHPHQWV ZLWK
GLIIHUHQW ULJLGLW\ RI FRPSRVLWH FRQQHFWLRQV IRU ORQJWHUP ORDGV 3HULRGLF IOXFWXDWLRQV GXH WR WHPSHUDWXUH DQG
KXPLGLW\FKDQJHVRIHQYLURQPHQWDOFRQGLWLRQVDUHDOVRDGHTXDWHO\HVWLPDWHG
)RUHDFKDERYHSUHVHQWHG W\SHVRIEHDPV WKHUHZHUHPHQWLRQHGFDOFXODWHGYDOXHVRI UHJXODUYDULDWLRQǻįu DQG
ǻįT)RUGHWHUPLQLQJWKHPD[LPXPDQQXDOYDULDWLRQVRIGHIOHFWLRQGXHWRFKDQJHVRIHQYLURQPHQWFRQGLWLRQVLWLV
































































Temperature (T) Relative humidity (RH)
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DUHD WKHDYHUDJHGDLO\ WHPSHUDWXUH UDQJHIURP& WR&DQGUHODWLYHKXPLGLW\ UDQJHEHWZHHQDQG






7KH WKHRUHWLFDO DQG H[SHULPHQWDO LQYHVWLJDWLRQRI WKH HIIHFW RI HQYLURQPHQW WHPSHUDWXUH DQG UHODWLYH KXPLGLW\
FKDQJHVRQWKHWLPEHUFRQFUHWHFRPSRVLWHEHDPVVKRZVWKHLUVLJQLILFDQWLQIOXHQFH7KHH[SHULPHQWVZHUHFRQGXFWHG
LQ LQGRRU HQYLURQPHQW 8VLQJ D VLPSOLILHG FRPSXWDWLRQDO PRGHO WKH YDULDWLRQV RI GHIOHFWLRQ ZHUH DGHTXDWHO\
HVWLPDWHG,QWKHRXWGRRUHQYLURQPHQWDOFRQGLWLRQVWKHYDULDWLRQVRIGHIOHFWLRQWRWKHRIVSDQZHUHGHWHUPLQHG
XVLQJ WKH PRGHO 7KXV WKH LPSDFW RI HQYLURQPHQWDO FKDQJHV VKRXOG QRW EH QHJOHFWHG LQ WKH GHVLJQ RI WLPEHU
FRQFUHWHFRPSRVLWHEULGJHV,QSUDFWLFH LW LVSRVVLEOHWRXVHWKHDERYHPHQWLRQHGUHODWLRQVWRHVWLPDWHGHIOHFWLRQV
DQG VWUHVVHV LQ FURVVVHFWLRQ DIIHFWHG E\ PRLVWXUH DQG WHPSHUDWXUH FKDQJHV RQ WKH EDVLV RI DQQXDO FKDQJHV RI
HQYLURQPHQW
7KHHIIHFWRIUHODWLYHKXPLGLW\DQGWKHUPDOFRQGLWLRQVRQWKHGHIOHFWLRQDQGVWUHVVFKDQJHVLVLQIOXHQFHGE\WKH
VL]HDQGVKDSHRI WKHFRPSRVLWHFURVVVHFWLRQ7KHHTXLOLEULXPPRLVWXUHDQG WHPSHUDWXUH LQ WKHFURVVVHFWLRQDUH
UHDFKHGZLWKVRPHGHOD\ZKLFKFDQEHSUHGLFWHGE\WKHGLIIXVLRQODZDQGKHDWHTXDWLRQV(QYLURQPHQWDOFRQGLWLRQV
GXULQJWKHFRQFUHWHFDVWLQJRU WKHUHPRYDORI WHPSRUDU\VXSSRUWVHHPWRKDYHVLJQLILFDQW LPSDFW7KHVWLIIQHVVRI
FRPSRVLWH FRQQHFWLRQ FDQ EH FRQVLGHUHG DV WKH PRVW VLJQLILFDQW LPSDFW RQ WKH UHDFWLRQ RI WKH WLPEHUFRQFUHWH
FRPSRVLWHEHDPVRQHQYLURQPHQWFKDQJHV7KHVHDERYHPHQWLRQHGSDUDPHWHUVZLOOEHVXEMHFWWRIXUWKHUDQDO\VLV
$FNQRZOHGJHPHQWV
3DSHU LV WKH UHVXOW RI WKH 3URMHFW LPSOHPHQWDWLRQ  8QLYHUVLW\ 6FLHQFH 3DUN 7(&+1,&20 IRU ,QQRYDWLRQ
$SSOLFDWLRQV 6XSSRUWHG E\ .QRZOHGJH 7HFKQRORJ\ ,706  VXSSRUWHG E\ WKH 5HVHDUFK 	
'HYHORSPHQW2SHUDWLRQDO3URJUDPPHIXQGHGE\WKH(5')
7KLV SDSHU LV SUHSDUHG ZLWK VXSSRUWLQJ RI WKH JUDQW 9(*$ 3URMHFW 1R  ³$QDO\VLV RI SURJUHVVLYH
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